Abstract: All-optical coherent population trapping is possible in nitrogen-vacancy centers in diamond at zero magnetic field. This should allow for simpler implementations of potential devices involving optical manipulation of electron spins. Nitrogen-vacancy (N-V) centers in diamond are a promising solid-state candidate for quantum information applications because they have long-lived electronic spin levels that are optically addressable. For example, optical readout of the spin state of a single N-V center has been reported [1] as well as the ability to control the coupling between spins of electrons and nuclei [2] . These results suggest applications such as quantum memories and repeaters [3] , as well as quantum computation using electron spins [4] .
Nitrogen-vacancy (N-V) centers in diamond are a promising solid-state candidate for quantum information applications because they have long-lived electronic spin levels that are optically addressable. For example, optical readout of the spin state of a single N-V center has been reported [1] as well as the ability to control the coupling between spins of electrons and nuclei [2] . These results suggest applications such as quantum memories and repeaters [3] , as well as quantum computation using electron spins [4] .
Most experiments to date have relied on microwave fields to manipulate the electron spin, and have used optical fields mainly for readout. All-optical control would allow for spatially selective addressing of single or a few N-V centers, and also could be used in nonlinear-optical devices based on electromagnetically-induced transparency (EIT). However, all-optical control requires two ground levels coupled to a common excited level, whereas it is widely believed that the optical transitions between the 3 A ground states and 3 E excited states of N-V centers are almost perfectly spin-preserving. One possible solution relies on an avoided crossing of the m s = 0 and m s = −1 ground states that occurs at a particular magnetic field. This technique was used in Ref. [5] where an EIT effect was reported.
We have performed spectral hole-burning experiments following earlier work by Reddy, Manson et al. [6, 7] on a sample with very little inhomogeneous broadening in order to gain a better understanding of the excited-state structure. We have confirmed that the excited states are highly sensitive to strain, but we have also found that the transitions need not be spin-preserving. Therefore, it is possible under a wide range of conditions to realize a Λ system even at zero magnetic field, which we confirm through the observation of coherent population trapping.
Measurements were performed on an HPHT synthetic diamond sample containing N-V centers over its entire surface. Several heavily implanted regions acted as sources of strain in the surrounding regions, allowing a variety of strain conditions to be studied. Our measurements were limited to particular growth sectors where the NV − zerophonon line (ZPL) at 637 nm had an exceptionally narrow inhomogeneous width of 10 − 20 GHz. Fig. 1a shows photoluminescence measurements at a temperature of approximately 10 K for a particular location where the ZPL was split by strain into two orthogonally polarized components. In the two-laser experiments, one laser was held fixed in frequency while the other laser was scanned. Phonon sideband fluorescence at 700 nm was detected as a measure of excited-state population. A weak repump laser (λ = 532 nm) was also applied to prevent a slow shelving effect [6, 7] . The data in Fig. 1b were obtained from the long-wavelength component of the ZPL in Fig. 1a , while the data in Fig 1c were Figs. 1d and 1e , respectively. The ground states are relatively insensitive to strain, and therefore it is possible to infer the excited-state level spacings and the transition strengths from the antihole patterns. The large difference in fine structure for the two ZPL components illustrates how the fine structure is highly sensitive to strain as was previously suggested [7] . The sharp peaks at ±2.88 ± 0.01 GHz match the known crystal-field splitting between the m s = 0 and m s = ±1 ground-state levels. When these peaks are prominent, as in Fig. 1b , two ground states are coupled to the same excited state, as needed for a Λ system. The narrow dips inside the antiholes at ±2.88 GHz have not been reported previously, and these are the signature of coherent population trapping. When the lasers are on two-photon resonance with two of the ground levels, a "dark state" can form, which is a coherent superposition of two ground states that has no transition matrix element into the excited state due to quantum interference, the same mechanism involved in EIT. Fig. 2a shows this effect in more detail for several different excitation powers for another location on the sample where the ZPL was not split by strain. We can fit these data quite well using a simplified three-level model that includes inhomogeneous broadening. At lower powers the width of the dip is limited by several possible factors which can produce broadening on the scale of 1 − 10 MHz, including laser jitter, inhomogeneous broadening of the ground-state splitting, or unresolved hyperfine structure. For. 2b shows the corresponding energy level diagram. We note also that by applying a weak magnetic field, which lifts the degeneracy between the m s = ±1 ground states, we can determine how many orientations of N-V centers are involved. For example, only two orientations are involved for the data shown in Figs. 1b and 1c , while all four orientations are involved for the data shown in Fig. 2a , where the ZPL was not split by strain.
